Objective: Recently, several cohort studies suggested a positive relationship between serum uric acid (SUA) and type 2 diabetes mellitus (T2DM), which is inconsistent with the results of functional research. Our aim was to further evaluate this correlation by conducting a systematic review. Methods: Computerized literature searches of the Medline database, EMBASE database, and PubMed were used to evaluate the relationship between SUA and T2DM in cohort studies. Cochran's Q and I 2 statistics were used to evaluate heterogeneity among studies, and pooled relative risk (RR) and odds ratio (OR) with 95% confidence intervals (CIs) were calculated using random-effects and fixed-effects models. The summary RR and OR of per 1 mg/ml-SUA increase were calculated separately because of their different epidemiological implications and calculation methods. Additionally, sensitivity analysis, stratified analysis, meta-regression, and multiple meta-regression were applied to investigate the heterogeneity among studies. Results: A total of 970 articles were retrieved from the searches. Sixteen publications of cohort studies containing 61,714 participants were included. The pooled RR was 1.131 (95% CI: 1.084e1.179) with significant heterogeneity among studies (I 2 ¼ 51.9%, P ¼ 0.018). Adjusted RR to evaluate the stability of the relationship between SUA and T2DM in the sensitivity analysis was similar (RR ¼ 1.140, 95% CI: 1.087e1.197), with statistically significant heterogeneity (I 2 ¼ 54.5%, P ¼ 0.015). Stratified analysis and meta-regression showed that the positive relationship remained irrespective of age, sex, region, and adjustment for confounding factors including body mass index, fasting blood glucose, systolic blood pressure, diastolic blood pressure, alcohol consumption, smoking, blood cholesterol, waist circumference, fatty liver, and drugs affecting SUA. Conclusion: Although SUA is independently associated with development of T2DM, insulin resistance increased as the baseline SUA concentration increased; thus, the correlation between SUA and T2DM requires further evaluation and the baseline insulin resistance status should also be considered.
Introduction
In 2011, there were 366 million people with diabetes, and this number is expected to rise to 552 million by 2030. 1 The majority of the patients have type 2 diabetes mellitus (T2DM). The prevalence of T2DM has become a big public health challenge worldwide. Dietary recommendations and genetic counseling have been taken into consideration in preventing the development of T2DM. 2, 3 However, identifying a high risk susceptible population and encouraging lifestyle modification is likely to be the most effective strategy of prevention. Therefore, great efforts have been made to gain insight into T2DM risk factors, including a strong family history of diabetes mellitus, age, obesity, physical inactivity, body mass index (BMI), alcohol intake, serum triglyceride concentration, uric acid concentration, and coronary heart disease. 4e6 Whether the above defined risk factors can be applicable to the global community however requires further investigation. 7 Many recent epidemiologic evidences have been devoted to the relationship between serum uric acid (SUA) and T2DM. A meta-analysis of 11 studies reported in 2009 revealed a positive relationship between SUA and the development of T2DM 8 but with several limitations existed. First, the progression of T2DM frequently occurs with aging and metabolic syndrome (MS) factors. As a type of MS, increased SUA can also be accompanied with T2DM. 9, 10 Second, several more factors, such as fasting blood glucose (FBG), 2-hour post prandial blood glucose (2 h-PBG), family history of diabetes, physical activity, and drugs affecting SUA at baseline, also participate in the progression and development of T2DM. Such factors can be confounding for evaluating the correlation between SUA and T2DM. No sufficient adjustment and/or objective quality assessment was made for these confounding factors in the studies that included in this metaanalysis. Third, a combination of risk ratios (RRs) and odds ratios (ORs) as indicators of RR could have overestimated the actual RR.
Recently, a variety of publications closely examining this association showed discordant results. Thus, the relationship between SUA and T2DM still remains controversial. This meta-analysis also included the most recent 5 studies since 2009 that indicated a positive relationship between SUA and T2DM, and then to better quantify this positive correlation a literaturebased systematic review was performed.
Methods

Data selection
We conducted a computerized literature search of the Medline, EMBASE, and PubMed databases. 
Inclusion and exclusion criteria
Included articles were required to meet the following criteria: (1) inclusion of T2DM as a dominant outcome; (2) measurement of SUA concentration at baseline; (3) at baseline the participants did not have T2DM; (4) RR or OR and its corresponding 95% confidence interval (CI) or sufficient data to calculate them were provided. The articles were excluded if: (1) the outcome was not T2DM; (2) the baseline SUA level was not assessed; (3) RRs or ORs and its corresponding 95% CIs (or data to calculate them) were not given. If data from two or more articles were derived from the same subjects, only the most recent article was included in this analysis.
Data extraction
Two researchers independently screened and assessed each of the potential titles, abstracts, and/or full texts to determine the eligibility for inclusion. If any discrepancies occurred, a third investigator would make the definitive decision for the study eligibility and data extraction. Data extracted for this review included the first author's name, publication year, population studied, baseline SUA (mg/dl), age (years), percentage of men, sample size, number of cases, adjusted RR (95% CI), multivariable adjustment, cohort design, and duration of follow-up. Additionally, the original data of baseline 2h-PBG and the subsequent adjustments were requested from the authors of these primary articles included. Commitments or questionnaires for all of the participants were administered correspondingly in each study of this metaanalysis.
Statistical analysis
In the studies which the analyzed SUA level was defined as a categorical variable, the pooled RR could not be calculated directly from the different results of the SUA stratification analysis. To quantify the doseresponse relationship between the baseline SUA level and the development of T2DM, the RR was calculated for the increment of 1 mg/dl SUA in each study. This method for trend estimation was supported by Berlin et al. 11 The logarithmic relative risk model is excellent whereas statistical properties of the linear relative risk model are unsuitable for categorical variables. 11 The midpoint in each category was estimated by the average of the lower and upper bound. If the highest or the lowest category was open-ended, the interval length at an open-ended would be assumed to be the same as the adjacent interval. The log RR or log OR from each study was calculated by converting the 95% CI to its natural logarithm (width of the CI divided by 3.92). 12 The estimates for men and women were synthesized into a combined value using a weighting method in each study to decrease the large heterogeneity across studies.
As the overestimated pooled RR is close to 1 and of little practical importance because the total incidence is relatively rare, 8 the RRs and ORs should be evaluated separately for the calculation and epidemiological significance because the two indexes are distinct, and this might be helpful to decrease the potential errors. In assessing heterogeneity among studies, Cochran Q and I 2 statistics were used. 13 For the Q statistic, a P value <0.10 was considered statistically significant for heterogeneity; for I 2 , a value >50% was considered a measure of severe heterogeneity. If P value <0.10 (I 2 value >50%), the random-effects model which DerSimonian and Laird reported was used 14, 15 ; otherwise, the fix-effects model was conducted.
Sensitivity analysis to detect the source of heterogeneity was applied to calculate the overall homogeneity and effect size by excluding one study at a time. The most weighted article was removed from the analysis and a meta-analysis with the remaining articles was then conducted. Additionally, stratification analysis, meta-regression, and multiple meta-regression were used to assess a potential difference in distinct populations characterized by different features, such as gender, age, and geographical area. Only studies that provided RRs were used in the sensitivity analysis, stratification analysis, and meta-regression. A funnel plot and Egger's linear regression test were used to investigate any possible publication bias. 16 All the statistical analyses were performed using STATA version 10.0 (STATA, College Station, TX, USA). A two-tailed P value <0.05 was considered to be significant.
Results
Included and excluded articles
A total of 631 articles were retrieved from EMBASE and 441 articles from PubMed. After removing duplicates, 970 articles remained ( Fig. 1) whilst 948 articles were then excluded based on their titles. Of the 22 articles remaining, 4 articles were excluded for reasons listed in Fig. 1 . Eighteen articles were selected for further full-text review. Another 2 studies were excluded for the reasons presented in Fig. 1 . Thus, a total of 16 studies published from January 1st 1975 to March 30th 2012 met the criteria for inclusion in this meta-analysis and systematic review.
Five studies (30%) reported risk prediction models for men and women separately, one of which provided data for men, women, and all of them together. Of the remaining 4 articles, weighted estimates for the general population were conducted to decrease the heterogeneity among studies. Data from two generations were shown in one of the studies. Ultimately, 16 publications including a total of 27 risk prediction models were statistically synthesized by meta-analysis.
Data request from the corresponding authors of included articles
Subsequently, Wang et al replied and supplied a RR adjusted for fasting plasma glucose, 17 while the authors of other studies did not reply.
Characteristics of studies
Eight articles were prospective cohort studies and eight were historical cohort studies. Mean baseline SUA level of the subjects ranged from 4.0 to 8.0 mg/ ml. Mean age at baseline ranged from 41 to 64 years.
Sample size per study ranged from 161 to 8688 and a total of 67,174 participants were included (Table 1) . One study considered the effect of diuretic use, the other four adjusted for FBG, one of which only referring to blood glucose level. However, there was no study that considered both diuretic use and blood glucose level simultaneously. None of the risk measurements were adjusted for 2h-PBG or for other drugs that influenced SUA level such as allopurinol. Mean follow-up duration ranged from 2.0 to 62.0 years with 9 articles conducted among the European population, and the other 7 articles were among the Asian population. Four articles included men only, while the rest articles included both men and women. Other relevant study characteristics are tabulated in Table S1 .
Results of the meta-analysis
A forest plot with RRs (95% CIs) and pooled estimates of increased risk of T2DM with respect to per 1 mg/dl increase in SUA is presented in Fig. 2 . A random-effects model showed that the pooled adjusted RR and its 95% CI was 1.131 (1.084e1.179), and the pooled adjusted OR and its 95% CI was 1.484 (1.278e1.723). Heterogeneity of RR and OR observed among these studies were 51.9% (Q ¼ 22.86, P ¼ 0.018) and 27.7% (Q ¼ 5.53, P < 0.237). The pooled estimates were synthesized for men and women of each study separately and that significantly decreased the heterogeneity of RR among studies from 68.4% to 51.9% and of OR from 81.6% to 27.7%.
In the sensitivity analysis to evaluate the stability of the relationship between SUA and T2DM, the adjusted RR was still similar (RR ¼ 1.140, 95% CI: 1.087e1.197), with evidence of statistically significant heterogeneity (P ¼ 0.015, I 2 ¼ 54.5%). The studies were stratified by gender, geographic region, age, confounding factors, and other study properties relevant to study quality. For those with previously elevated SUA, the risk of having T2DM was attenuated by adjusting for all of the above factors (all pooled RRs were 1). The findings were similar irrespective of the physical activity (P ¼ 0.661) or family history of diabetics (P ¼ 0.131). Effect of diuretic use was considered in only one study (RR ¼ 1.63) ( Table  2 ). In the multiple regression analysis of confounding factors for T2DM, the P-values of all variables included were >0.05 (Table S2) .
For young adults (18e30 years) without MS, each unit increase in SUA was associated with increased overall risk of type 2 diabetes (OR ¼ 1.22, 95% CI: 1.07e1.38). 18 RRs for the development of diabetes corresponding to per mg/dl increase in SUA were 1.27 (1.06e1.52) in pre-menopausal women and 1.21 (1.09e1.35) in post-menopausal population respectively. 19 Whereas a relatively higher incidence of diabetes was found in post-menopausal hyperuricemic women compared with pre-menopausal women (OR ¼ 3.88, 95% CI: 1.92e7.91).
Publication bias
Significant funnel plot asymmetry for the relationship between uric acid and T2DM is shown in Fig. 3 . P-value for Begg's regression test was less than 0.01, which indicates a high risk of publication bias.
Discussion
This systematic review aimed to further qualify the relationship between SUA and the development of T2DM. Recently (since 2009) 5 related studies were published. The results of this meta-analysis indicated that each 1 mg/dl increase in SUA led to a 13.1% increase in the risk of T2DM (pooled RR) and a 48.4% increase in the risk of T2DM (pooled OR). Stratified analysis by age, gender, geographical area, SUA, study design, duration of follow-up, and confounding factors further indicated that SUA was positively related with T2DM. In addition, multiple meta-regression did not show these variables influenced the correlation between SUA and T2DM.
The results of the previous meta-analysis published in 2009 suggested that SUA was positively associated with the development of T2DM. 8 Several limitations of that meta-analysis have been discussed in the Introduction section of this manuscript. Given that those limitations might influence the accuracy of results, the methods in this study were thus improved. First, to decrease the bias due to the combination of RRs and ORs, here, the Meta-Analysis was conducted for RRs and ORs separately. The estimates for men and women from each study were synthesized by a weighting method and further combined afterwards. The heterogeneity of the RR among studies decreased from 68.4% to 51.9% and of the OR from 81.6% to 27.7%, which should provide a more reliable summary RR. We also have contacted the corresponding authors of each article for complementary information about the RR adjusted for FBG and 2h-PBG, as well as drugs affecting SUA concentration and other confounding factors. Despite few responses, more research should be conducted to sufficiently assess the relationship with the help of the authors of the articles included in this study.
Elevated SUA predicts T2DM not only among the young but also the elderly, 18 especially the premenopausal and post-menopausal women. 20 Costa et al 21 described a positive association between SUA and the development of T2DM in 2002, but did not provide RRs or data to calculate such an association and thus, this article was not included in our metaanalysis. Metabolic risk factors, especially elevated SUA, are independent predictors of diabetes and impaired glucose tolerance (IGT) in Mauritian normoglycemic subjects over 5 years of follow-up. 19 However, this study provided the risk of diabetes and IGT together and thus it was not included in our metaanalysis either. 22 Even though a positive relationship between SUA and T2DM in these studies was presented, there is conflicting evidence on epidemiology and on biology, presented as follows.
It has been reported that the progression of T2DM frequently occurs with aging and MS factors and vice- Fig. 3 . Funnel plot of cohort studies to evaluate the relationship of serum uric acid and type 2 diabetes. Begg's regression test, P < 0.5. versa. 9 As a type of MS, the occurrence of SUA could also be paralleled by the development of T2DM. Thus, the possibility of a correlation rather than causation between SUA and T2DM should not be excluded. As Cook et al 23 reported, up to 8.0 mmol/L, a positive relationship was observed between serum glucose status and SUA concentrations whereas lower SUA levels were observed at higher levels of glucose. Therefore, an inverse V-shaped relationship should also be considered. In addition, lowering SUA concentration could prevent nephropathy in T2DM. However, the effect of lowering SUA on the prevention and treatment of T2DM is still unknown.
Biologically, as a systemic marker of oxidative status, SUA is strongly linked to insulin resistance (a pathogenic mechanism of T2DM) by inhibiting the production of nitric oxide 27 or increasing the expression of C-reactive protein. 28 Such practice would activate platelet adhesiveness, 29, 30 and induces endothelial dysfunction, 31 which blocks insulin-stimulated glucose uptake. On the contrary, other studies have reported that lowering SUA concentration might not be an effective strategy for restoring endothelial function 32, 33 and might not lower the risk of development of T2DM. Additionally, Pfister et al 34 stated that SUA is not responsible for the development of T2DM and reported limited expectations that uric-acid-lowering drugs will be effective in the prevention of T2DM.
The underlying mechanism of T2DM included insulin resistance, hyperinsulinemia, and a variety of metabolic abnormalities, which also might increase SUA concentration. Hyperinsulinemia caused by insulin resistance is inversely related to 24 h urinary UA clearance 35, 36 ; insulin resistance can lead to an increase in SUA concentration by both reducing renal UA secretion by renal proximal tubular UA reabsorption enhancement in humans due to an active transport mechanism closely linked to the tubular reabsorption of sodium 37e41 and accumulating substrates for UA production. 42 Furthermore, two studies showed that homeostasis model assessment (HOMA) insulin resistance (HOMA-IR) increased as the concentration of SUA elevated at baseline. Chien et al 43 reported HOMA-IR was 1.48, 1.63, 1.77, 1.93, and 2.16 from the lowest to the highest quintile of SUA. Whereas Wang et al 17 reported HOMA-IR was 0.9, 0.9, 1.3, and 1.8 from the lowest to the highest quantile of SUA (P < 0.001). Therefore, a correlation between SUA and T2DM should be considered.
Because of the conflicting results listed above, further quality assessment should be arranged. First, besides obesity, being female and elderly have been mentioned to be major risk factors for the development of prediabetes and T2DM, 44e46 and all important confounding factors should be adjusted for including parental history of DM, physical activity, age, gender, BMI, drinking, and smoking, and especially FBG/ PBG. Unfortunately, none of the included studies adjusted adequately for all of these factors. Second, several anti-hypertensive drugs including losartan and hydrochlorothiazide can increase SUA concentration. Hypertension patients with a higher SUA concentration who are taking these drugs should be excluded. There was only one included study 47 that adjusted for diuretic drugs and age, gender, BMI, and also estimated glomerular filtration rate. On the contrary, adjustment for blood pressure (BP) in 6 articles 20,48e52 has a risk of over-adjustment. Therefore, whether SUA is an innocent bystander or a cause for T2DM needs further exploration.
Although 4 studies 19, 20, 51, 53 demonstrated that the association between SUA and DM was heterogeneous for men and women, the pooled analysis showed that the increased risk was similar for men and women. Further investigation into the probable different correlation of SUA and T2DM should be conducted between men and women instead of adjustment.
The main limitation of the present study is the statistical publication bias, because each publication step was inevitably affected by the factors of publication year, editors, authors, and the results found. According to the results of the meta-regression classified by the publication year, the reported relationship between SUA and T2DM was significantly different at each time. Studies with positive results are more likely to be accepted. The possibility that studies with negative results did not have the opportunity to be published should also be considered.
Next, the RR calculation for per 1 mg/dl increase in SUA to quantify the dose-response relationship between the baseline SUA level and incidence of T2DM may have overestimated the magnitude of any publication bias. 8 In conclusion, the results of this meta-analysis indicate that SUA is independently associated with development of T2DM, both in men and women, in the elderly and the young, in pre-menopausal and postmenopausal women. Insulin resistance increased as baseline SUA concentration increased; thus, the correlation between SUA and T2DM should be further evaluated and baseline insulin resistance status should be considered. Therefore, more evidence of the epidemic etiology, mechanisms, and especially genetics are urgently needed to further clarify whether the relationship between SUA and the development of T2DM is causal or simply a co-occurrence. In addition, studies investigating the effect of interventions to lower SUA concentrations in T2DM are warranted.
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